SYNOPSIS. The nature of overfishing of marine invertebrates is complex, ranging from the perception of overfishing because of competition by user groups for a common property resource to extensive overfishing to near extinction because of poaching by either licensed or unlicensed fishers. As a group, marine invertebrates seem particularly resistant to overfishing, primarily because their relative immobility and scattered concentrations means refuge populations often exist. However, this distribution pattern also means a fishery is scattered over an often large geographical area with relatively small, frequent landings at any location. A minimum legal size regulation, enforceable anywhere before consumption, is the primary regulation applied by managers for many species to ensure against overfishing. Overfishing concerns arise primarily for those species where price is sufficiently high to encourage illegal fishing or where harvest by fishers is not easily monitored or controlled because of the nature of the fishing activity or because only part of the animal (e.g., the flesh) is harvested. Instances of overfishing by cause are discussed, and examples are presented to demonstrate how managers are dealing with or have dealt with different situations.
INTRODUCTION
There are no examples of marine invertebrates which are threatened with complete extinction because of excessive exploitation (Wells et al, 1983) . Even where selected populations have been eliminated, in most cases populations exist elsewhere in which the species still occurs in large numbers. However, there are many examples of commercially important species which had large populations severely depleted or which have disappeared in some areas, at least in part because of human activity [e.g., crustaceans (Penn and Gulland, 1984; Otto, 1990) , gastropods (Irvine et al, 1992; Berg and Olsen, 1989) , bivalves (Zacharin, 1989; Dredge, 1988; Haven, 1987) and echinoderms (Wells et al, 1983) . In some cases, although overexploitation has been involved, coastal development and pollution have also been important factors. Even when pollution has not harmed organisms directly, pollution may make them unfit for human consumption and cause fishery collapse (e.g., bivalves in many urban areas).
In the absence of a broadly accepted understanding of the factors determining most species' abundance, how managers have rationalized exploitation levels of different species and how successful they have been will be the focus of this paper. On the positive side, many invertebrate species seem remarkably persistent in remaining abundant even with extremely heavy exploitation. For example, annual instantaneous rates of fishing mortality (F) greater than 5.0 (99% exploitation per year) have been reported for decapods Jamieson, 1989, 1990) with no apparent effect on long-term harvest level. However, there have been recent multi-year fishery closures for some marine invertebrate species because of substantial decreases in population size, although the extent to which fishing has been a cause is not always clear. World-wide, there are currently fishery moratoriums in effect for a few species, including the loco (Concholepas conchole-551 Example of a population biomass curve for a given year-class. B. Example of a recruitment curve and the straight-line equilibrium regression. AB represents the surplus production which must be removed, such as by fishing, if the stock is to remain in equilibrium at the population size shown (C).
pas) and northern abalone (Haliotis kamtschatkana) fisheries in Chile (J.-C. Castilla, personal communication) and British Columbia (BC) (Irvine et al, 1992) , respectively. These latter fisheries may be reestablished in the future if population abundance increases to acceptable levels. However, continued fisheries perpetration for other exploited invertebrate populations does not mean that maximal, or even optimal, harvest yields are necessarily always being achieved. Reduced availability of a resource to different user groups may lead to claims of overfishing. Instances of overfishing are categorized by cause and these are discussed individually below.
Here, I will first define overfishing, then discuss factors influencing how marine invertebrates are managed and exploited. Finally, I will consider, with examples, the main causes of overfishing. Some species, particularly those more extensively overfished, may have been overfished for a number of reasons, but will only be considered in the category suggested as primarily responsible. DEFINITION OF OVERFISHING Overfishing is defined by fisheries biologists in two ways: growth or recruit overfishing. Growth overfishing occurs when the highest potential yield is not being achieved because individuals of a species are being harvested at too small an average size. Ideally, the potential growth rate of individuals should be balanced against their expected death rate. The individual's size where for a given number of individuals, population biomass is maximal, is the average size at harvest which should be strived for if the maximum potential yield from any yearclass is to be achieved (Beverton and Holt, 1957) (Fig. la) .
Recruit overfishing occurs, irrespective of the average size at harvest, when too many individuals are harvested (Ricker, 1954) . Excessive harvest reduces overall population size, thereby reducing the size of the hypothesized surplus production (Fig. lb) . In an extreme situation, recruit overfishing can, theoretically at least, lead to population collapse and at least local species disappearance. Since this symposium is focused on species' conservation, not how best to achieve maximum yield from an exploited population, following references to overfishing will only refer to recruit overfishing.
STOCK RECRUITMENT RELATIONSHIPS
The abundance of a species' particular life stage is influenced by the effects of both abiotic and biotic variables. At the most basic consideration, there must be sufficient parent stock capable of breeding to ensure sufficient production of young to perpetuate the species. Developing an understanding of the functional relationship between relative parent and progeny abundances has been a fundamental objective of fishery science for most of this century, and a number of models have been proposed to describe this stock recruitment relationship (SRR) (Ricker, 1954; Beverton and Holt, 1957; Shepherd, 1982) . Inherent in this approach is the assumption that a SRR is largely driven by within-species dynamics, and that the vagaries of other biotic or abiotic variables are not overriding factors.
Whether the traditional SRR models developed for finfish have meaningful application for any species, finfish or invertebrate, has been a topic of considerable debate (see Hancock, 1973; Garcia, 1983; Cobb and Caddy, 1989 for discussion on marine invertebrates). Among invertebrates, most subsequent development and evaluation of SRR models have involved crustaceans (e.g., Staples, 1985; Penn and Caputi, 1986; Tang, 1985; Bannister and Addison, 1986; Fogarty and Idione, 1986) .
The theory behind traditional SRRs is that as parent stock abundance increases, progeny survival to adulthood, i.e., recruitment to the size exploited, decreases at a functional rate (e.g., Fig. lb ). This reduced rate of survival is hypothesized because as a species' abundance approaches the carrying capacity of the habitat, or ecological niche, occupied by the species, mortality of presumably the youngest individuals should functionally increase. Once the functional relationship of survival and population size has been determined, then the population can theoretically be kept at some intermediate population size by controlled harvest of the population to maximize potential harvest. The population size should be maintained such that the surplus production, i.e., the difference between the theoretical population size and the population size assuming only an equilibrium replacement function, is maximized (Fig. lb) . However, if either the understanding of the functional relationship is incorrect and the estimated population size is incorrectly placed relative to the top of the stock: recruitment dome, too much is harvested, or other factors primarily influence abundance, then there is the risk that harvesting may drive abundance to a lower, less-desirable level.
DETERMINATION OF EXPLOITATION LEVEL

Management alternatives
Excluding cephalopods and euphausiids, most exploited marine invertebrate species are benthic. They are characterized by both relatively limited mobility and a patchy distribution based on the availability of suitable substrate or habitat. Unlike finfish, random mixing of individuals within the exploited stock over a reasonable time period cannot be assumed to occur. Consequently, if reasonably accurate levels of overall biomass are to be determined, average species density and bed areas have to be estimated for each "concentration" individually and summed. Extensive survey is generally considered impractical for most species with available stock assessment and management resources (Jamieson, 1986a) . Instead, invertebrate management most often utilizes a minimum legal size (MLS) or a quota set at some suggested conservative level. Determination of a biomass estimate for establishment of the precautionary quota level may use whatever local data are available, but is often based on general production estimates obtained from apparently similar habitats elsewhere (Caddy, 1986) .
MLS limits should be based on biological data, and if so, are usually established at a size which allows every individual to have at least one spawning season before reaching the exploitable size. For example, pink scallops (Chlamys rubida) in BC reach sexual maturity at about 25 mm shell length. Because they grow at about 15 mm per year, the MLS was set at 55 mm, allowing them to spawn twice before reaching a harvestable size (Bourne and Harbo, 1987) .
However, for species where fisheries began before modern fisheries management approaches were developed and which continue today, MLS limits were often established for economic or other reasons and may have no documented biological basis. Many of these fisheries have proven to be sustainable, however, although substantial increases in effort over the past few decades in some fisheries has resulted in research to both rationalize, and when necessary, recommend new regulations to achieve desirable levels of harvest yield. In the northeast Pacific, there is no documented biological basis for the MLS of male Dungeness crab (Cancer magister) in either Canada or the United States, although recent studies (Smith and Jamieson, 1991) show the MLS to be above the size required for successful 554 GLEN S. JAMIESON matings. In Atlantic Canada, American lobster (Homarus americanus) in some management areas continue to be exploited below the size of sexual maturity (Campbell and Robinson, 1983) . However, in both areas, larval settlement, although variable, has remained sufficient to sustain substantial fisheries. Both fisheries remain viable and sustainable and are in no danger of collapse or significant landing reduction because of current exploitation patterns.
Particular difficulty in defining optimal management regulations is posed by newly developing fisheries, where there may be insufficient biological data available initially to identify and justify optimal management. Conservative, precautionary restrictions often have to be applied, and experiences elsewhere are often the only criteria with which to assess management options (Caddy, 1986) .
Biomass estimation
Accurate biomass estimation based on analytical methodology typically requires that many assumptions about the availability of individuals and spatial distributions of the resource and exploiting effort be met. For example, Leslie analysis (Leslie and Davis 1939; Braaten, 1969) , where a measure of fishing success (usually catchper-unit-effort) is regressed against accumulated catch through a fishing season, is founded on the following: 1) a discrete stock with well-defined boundaries; 2) no net gains or losses to population size other than from fishing; 3) constant catchability throughout the fishing season; 4) accurate reporting of fishing data; and 5) random distribution of both fishing effort and individuals in the stock over the stock area. Different methodologies vary in their vulnerability to violation of assumptions, and selection of methodological approach should involve minimization of the consequences of any potential violations.
Assuming the above assumptions for Leslie analysis are met in the study situation, this analysis allows determination of a total available biomass estimate at the beginning of the previous year's fishing season. Subtracting that season's catch, plus estimating growth and mortality through the following closed period, allows projection of a biomass, and hence quota, at the beginning of the next fishing period [e.g. Bailey and Elner (1989) There are opportunities to restrict exploitation rates to predetermined levels using quotas if biomass estimates are reasonably accurate. It is easier to restrict catch through quotas than restricting licences, gear, fishing periods, and other measures of effort. The cost managers may pay is the requirement of having to have a timely, acceptably accurate estimate of the biomass to ensure conservation concerns are met.
To date, use of SRRs with invertebrates to establish quotas has been used in the management of only a few species. In the Bering Sea, management of king and tanner crabs uses SRR data (e.g., Reeves, 1982) , although some current fisheries are near historic low levels (Otto, 1990) . Evidence of a useable SRR, modified to incorporate empirically determined environmental factors, appears most convincing with Australian tiger and banana prawns (Penaeus spp.), and its use in the management of these fisheries has to date been apparently successful (Penn and Caputi, 1986; Staples, 1985, respectively) . However, while hypothesized relationships have been suggested, these may in most, if not all, instances be of little longterm management use because the range of stock sizes available for fitting of a relationship is currently limited to only the left side of the dome-shaped stock:recruitment curve (Cobb and Caddy, 1989) . With shrimp, Garcia (1983) suggested evidence of SRRs is largely the result of artifacts owing to the relatively short life spans of studied species and the auto-correlation in environmental variations. Population monitoring has also indicated that even if settlement of a yearclass is relatively high, abundance can be substantially reduced at any life history stage up to the year of recruitment for reasons other than competitive interaction (e.g., Jamieson, 19866) . Thus, while assumption of a SRR with marine invertebrates may be initially suggested by a data time-series, data are seldom extensive enough to establish convincing support under rigorous examination.
Annual quotas can allow harvests from abundant year-classes to be spread out over a number of consecutive years, thereby potentially obtaining the most optimal derivation of economic return. An exploitation level may be derived from an estimate of surplus production obtained from a stock recruitment curve [e.g., Australian tiger prawn (Penn and Caputi, 1986) ], estimates of average annual year-class strength for shorter-lived species [e.g., northwest Atlantic shrimp (Parsons and Frechette, 1989) ], or even some calculated conservative, fixed percentage of the biomass estimate. Examples of the latter are 0.75-2% annually for geoduck (Panopea abrupta) in the northeast Pacific and 35% annually for Gulf of St. Lawrence pandalid shrimp (Jamieson [1986a] and Parsons and Frechette [1989] , respectively). On average, quotas for conservative management should be less than estimated average annual recruitment to the area being fished to allow for interannual recruitment fluctuations if the highest probability for a sustainable fishery is desired.
Spatial patterns of exploitation
Fishers seldom exploit a resource in a random manner. Most invertebrates are relatively immobile, at least in comparison to the fisher's exploiting them, and so fishers tend to exploit a specific concentration "fully" before moving on to exploit another concentration. The level of exploitation of any concentration of animals usually varies over time, depending on the absolute abundance of legal-size animals present and the relative yield available in other concentrations. Nevertheless, this pattern of exploitation means that catch per unit effort (CPUE) in an area may not obviously decrease over a given time period until the last patch in the area is exploited, assuming search time for patches is not too time-consuming.
Resource allocation between harvest sectors
Commercial fishers are typically quite mobile and prepared to go to most locations where the resource can be harvested profitably. Other, perhaps less mobile, competitive users of the resource, may consequently find that availability of legal-size animals in patches in their immediate vicinity is reduced after exploitation by commercial fishers. This scenario is not uncommon, and is illustrated by both commercial and recreational use of common-property intertidal clam resources in British Columbia. Commercial fishers range over large areas of the coast, while recreational users primarily exploit beaches close to them. Removal of most legal-size clams by commercial fishers from a beach regularly exploited by recreational users may lead to a perception and charges of over-exploitation by recreationalists. However, although this perception may exist, this is not overfishing but rather a sector allocation conflict. From an overall biological perspective, who removes the clams is immaterial, as long as only legal-size clams are removed. However, from a social perspective, where resource allocation between different user sectors is relevant, this conflict may necessitate the imposition of management quotas by harvest sector to ensure all users have an agreeable share of a resource.
INSTANCES OF NEAR SPECIES EXTINCTION AND RANGE REDUCTION DUE TO OVERFISHING
With the relatively high fecundities and wide spatial occurrences of most invertebrate species, few exploited invertebrates fall into this category. Species most vulnerable would likely have to have most, if not all, the following general biological and marketing characteristics:
1. relatively large size and occurrence in the intertidal or shallow subtidal to facilitate capture; 2. occurrence in a restricted geographic range near human settlements to minimize the existence of isolated, refuge populations; 3. exceptional market demand (and hence probably price) to justify exploitation at very low stock densities; 4. associated with their typically large size (see above), a relatively long life span and consequently normally low annual recruitment.
Giant clams, along with some of the large, colourful or ornate gastropods (e.g., some of the large cowrys, tritons, or conchs), are the most obvious species in this grouping. Although no invertebrate species has been driven completely to extinction by fishing, overall numbers of many species have been greatly reduced and in some countries, species have been totally eliminated (Wells, 1989; Munro, 1989) . Potentially threatened by exploitation because of low densities, some widespread species such as the giant triton (Charonia tritonis) are listed in the IUCN Invertebrate Red Data Book (Wells et ai, 1983) . Total elimination of a species in a country, although perhaps only a reduction in geographical range of the species, is nonetheless a form of overfishing to extinction. In the political jurisdictions involved, resource exploitation was not managed in a sustainable manner. At the least, elimination of the species demonstrates how vulnerable that species is to over-exploitation in general.
Level of exploitation is often determined by the value of the product obtained. Species which command a particularly high price because they are rare often have unique problems associated with their exploitation. Obsessive collecting may result, irrespective of the need for increased conservation of the species. Poaching of rhinoceroses for their horns and over-collection of rare butterflies are two classic terrestrial examples. I know of no marine invertebrate similarly hunted to almost extinction for its flesh or shell's physical characteristics, but some species rare to collectors command exceptional prices.
Giant clams (Tridacnidae) occur in many areas of the Indo-Pacific in close association with reef-building corals. Giant clam meat is widely consumed, and in 1986, frozen meat in Taiwan sold for US $20-30/kg (Munro 1989) . Shells of the larger species are also particularly desired by collectors. Tridacna gigas, the largest, living shelled mollusc, has been exploited to extinction throughout much of western Indonesia, the eastern Caroline Islands and Guam (Wells etai, 1983) .
Fisheries for giant clams are of two types: subsistence gathering and commercial harvesting, the latter invariably conducted by Taiwanese vessels poaching clams within the exclusive economic zones of other Pacific nations. The subsistence fishery is controlled in many areas by various reef tenure systems which have evolved over centuries to allow sustained exploitation.
Conservation methods introduced to try to protect remaining giant clam populations include the establishment of reserves and protected areas where absolutely no harvesting or collecting is permitted (e.g., all species of giant clam on the Great Barrier Reef of Australia) and increasing fines for poachers.
A saving factor for giant clams may be the relative ease with which they can be cultured in large numbers. Over the past decade, culture of these clams has progressed in a number of countries, and cultured seed is now being used to reestablish extinguished populations (e.g., Guam) and to enhance depleted ones. Production of commercial product through intensive mariculture is also now being attempted (Munro, 1989) .
DEPLETION TO UNECONOMIC EXPLOITATION LEVELS
Depletion of population abundance to a level where either management authorities close a fishery or species density becomes so low that profitable fishing on any significant scale simply becomes impossible are more common effects of marine invertebrate overfishing. This category is distinguished from the preceding one in that species are not exploited to near extinction, and so is a less extreme situation of overfishing.
A significant decrease in species abundance may result in either prolonged quota reduction [e.g., Bering Sea red king crab (Pamlithodes camtschatica)], complete closure of a fishery within a country or management area (e.g., northern abalone in British Columbia), or a significant reduction in the portion of the species' range where fishing is permitted [e.g., loco in northern Chile in the late 1980s (Castilla and Jerez, 1986) ]. One difficulty in managing heavily exploited populations is identifying the cause of an often sudden and dramatic fluctuation in population size. A decrease in abundance may not be solely the result of overfishing per se. The loco fishery closure in northern Chile, for example, was introduced because of both reported overfishing of stocks and the effects of an El Nino phenomenon.
Many species have significant natural fluctuations in abundance, often initiated because of abiotic reasons. This interaction between possible factors affecting species abundances will be discussed further in individual case histories presented below.
Examples of major invertebrate fishery decline and/or closure over the past few decades include bivalves [the Tasmanian scallop (Pecten fumatus) (Zacharin, 1989) ; the saucer scallop (Amusium japonicum balloti (Dredge, 1988) ; and the American oyster (Haven, 1987) ]; gastropods [e.g., the Chilean loco, the Caribbean queen conch (Strombus gigas), and a number of abalone species world-wide]; crustaceans (Bering Sea king crab); and echinoderms (the European purple urchin, Paracentrotus lividus in Brittany). Although each circumstance is often unique, instances of fishery collapse can usually be classified primarily into one of three general categories: long-term overfishing, short-term overfishing, and unexplained recruitment failure.
Long-term overfishing
Species in this group have typically been exploited for centuries, often initially as subsistence fisheries. However, following market expansion in more recent years, product export is now often the primary rationale. Example species in this grouping include both the purple sea urchin and gooseneck barnacle (Pollicipes pollicipes) in Europe and the queen conch in the Caribbean,
The purple urchin is found throughout much of the Mediterranean and on the Atlantic coasts of Ireland, France and Spain. Within Europe, France is the main market, importing product to meet demand. Mediterranean sources of this species became depleted in the late 1800s, and so the fishery turned mostly to Brittany. Drag nets, which in addition to catching urchins, lethally damaged many others, were used extensively, and during the 1970s, the Brittany fishery in turn largely collapsed. Smaller scale harvesting now occurs in Ireland and a fishery has become reestablished in some areas of the Mediterranean over the past few decades (Wells et ai, 1983) . Although overfishing may not now be occurring, production remains relatively low and is not at its full potential. One of the new problems may be pollution, following the increased urbanization of many coastal areas. However, even this has mixed effects, for although the species is negatively affected by oil, density may be increased in areas of domestic pollution because of the ability of urchins to absorb microparticles of organic matter.
A similar history has befallen the European gooseneck barnacle, which is widely consumed in Spain. All European stocks are depleted because of continued overfishing, and so a similar species, Pollicipes polymerous, is now being imported from BC to meet demand. The remoteness and ruggedness of much of the outer BC coast and the availability of only about 10% of the population for harvest (to prevent ripping of the peduncle, with consequent death during shipping, only Pollicipes attached to other barnacles or mussels are harvestable) is preventing overfishing there (Jamieson, unpublished data) .
This scenario has been repeated with queen conch, which ranges widely throughout the Caribbean (Berg and Olsen, 1989) . Conch has long been important in the diets of local peoples but over the past two decades, export markets have developed and conch has become the region's second-most valuable fishery resource, after the spiny lobster. In recent years, heavy fishing severely depleted stocks in all Caribbean countries and fishers are now going farther afield and deeper to fish. The few estimates of catch per unit effort available show sharp declines (Berg and Olsen, 1989) .
However, when fishing has been curtailed, conch populations have not recovered as fast as expected in many areas. Pollution may be slowing European sea urchin recovery but there is no obvious biological factor limiting conch recovery rate. Reduced recruitment has been speculated to be the result of exploitation of ever deeper stocks, which in the past may have represented a larval source for the particularly heavyfished, shallow-water populations. Alternatively, because many areas of conch habitat are small and isolated, larvae which settle may mostly have originated elsewhere. Overfishing upstream relative to prevalent current patterns in the region may be impacting on recruitment downstream (Berg and Olsen, 1989) . Larval immigration may make it difficult for local fishery managers to rebuild stocks, because they may not have regulatory authority over all the populations involved. Difficulties in rebuilding conch stocks may also reflect a fundamental aspect of gastropod reproduction, which will be discussed further below.
Conservation measures introduced for conch include moratoria on commercial fishing and recreational bag limits (e.g., Florida), banning export markets (e.g., Bahamas), and total protection (e.g., Bermuda) (Wells et ah, 1983) . Overfishing of the Cuban fishery in the late 1970s caused it to be closed from 1978-1982, but even when it reopened at a reduced quota, populations still decreased in abundance (Berg and Olsen, 1989) .
One of the problems in the Caribbean, and elsewhere in the world [e.g., with Chilean loco (Geaghan and Castilla, 1988) ], is that illegal fishing is quite common in many countries and probably accounts for significant exploitation. Poaching is virtually impossible to stop anywhere without the cooperation of most fishers. Thus, closure of legal fisheries may not overcome all the problems of overfishing and many illegallyfished populations are likely to remain depleted into the future.
Conch culture technology has been developed and while culture may not be economically justifiable in rebuilding wild populations, intensive aquaculture may ultimately provide much of the conch production from the Caribbean (Berg and Olsen, 1989 ).
Short-term overfishing
Short-term overfishing is typically the result of two scenarios: 1) development of a new fishery where there is insufficient information to initiate effective management or 2) a sudden unanticipated increase in effective fishing effort, perhaps because of introduction of a new harvest technology. Regardless of cause, though, the result can be a sudden, uncontrolled decrease in population size. The magnitude of population change is determined by how long management authorities take to detect, justify and execute mitigative management actions. In an extreme situation, overfishing may lead to fishery closure or curtailment of catch by whatever means seem most appropriate.
Improper management. -Examples of species where, in hindsight, inappropriate fishery regulation measures appear to have been utilized are the South American loco, many abalone species, and snow crab (Chionoecetes opilio). Snow crab have to date been managed with both a MLS and a quota, but in the Gulf of St. Lawrence, the population has recently declined dramatically (Jamieson and McKone, 1988) . Initially, populations were managed assuming no biologically determined maximum size for individual crab, as in other decapods, but Conan and Comeau (1986) suggested that as is the case with all non-commercial majids studied (Hartnoll, 1963) , Chionoecetes males might have a terminal moult, beyond which individuals will not grow. Furthermore, the average size at which individuals undergo this moult may be influenced by the relative abundance of larger individuals in the population. These biological features are not present in other exploited non-majid crustaceans, and so when Chionoecetes fisheries initially focused on removing larger males, management may inadvertently have selected for smaller and smaller males to undergo their terminal moults. This new understanding of species biology has management implications, but there is still no clear resolution as to how management strategy should be adapted (Jamieson and McKone, 1988; Bailey and Elner, 1989 ). However, it should be noted that while a decrease in abundance of legal-size Chionoecetes might be perceived as possible overfishing, it is not recruit overfishing as defined above. The biological response of the population to harvesting simply reduced yield available to the fishery, while other criterion of stock status, such as expected abundance, suggest no deterioration may have occurred.
Gastropods may be relatively susceptible to overfishing because many gastropod fisheries world-wide have shown substantial decreases in landings in recent years. However, there is debate for a few species as to exactly what effect overfishing has had in fishing decline McShane, 1992) . A relatively high vulnerability to fishing may reflect the tendency of biologists and managers over the last few decades to assume that management strategies which had been seemingly successful for bivalves would also be suitable for gastropods. I believe there are now grounds to question this general assumption.
Gastropods, even more than bivalves, are considered luxury foods. Underwater harvest technology and development of new markets over the past few decades have resulted in substantial effort increases in many large gastropod fisheries world-wide (Tegner, 1989; Berg and Olsen, 1989; Castilla and Jerez, 1986) . Most substantial gastropod fisheries are thus relatively recent, with the effects of past management shortcomings still being realized and struggled with.
Bivalves, being mostly immobile, typically reproduce by synchronized release of gametes, external fertilization, and then wide-spread dispersal of larvae by currents. Gastropods, being more mobile, have either internal fertilization and release a relatively limited number of eggs in a spawn mass {e.g., conch, loco), with either subsequent free-swimming or creeping larvae, or less typically, external fertilization and freeswimming larvae (e.g., abalone) like many bivalves. In general, gastropods appear to either produce fewer larvae or have relatively less dispersal of larvae in comparison to bivalves, although this needs better field documentation. Abalone, for example, although broadcast spawners like bivalves, have a relatively short planktonic stage (2-7 days) (Tegner, 1989) in contrast to the 20-35 day larval periods characteristic of most commercially exploited bivalves (Loosanoff and Davis, 1963) . For one Australian abalone species {Haliotis rubra), noticeable decreases in recruitment rate were reported only a few hundred metres away from nearby adults following removal of adults from the study site (Prince et al., 1988) . The effect of this tendency for limited dispersal may be that a depleted concentration of gastropods is relatively poorly replenished by larvae produced from distant, undepleted concentrations as would otherwise be expected with most other invertebrate species.
Conch and loco are reported to have freeswimming larval periods of weeks and months, respectively (Berg and Olsen, 1989; J. C. Castilla, personal communication) , so greater larval dispersal may be more common in these species than with abalone. However, being planktonic does not necessarily mean that larvae have no control over their movement. Vertical migratory behaviour may minimize long-range dispersal, and the larvae of some species may have other behaviour (e.g., being epibenthic) which tends to retain them in optimal settlement habitats (see McShane et al, 1988) . These studies suggest future management of gastropod fisheries should pay greater attention to ensuring that sufficient adult brood stock exists within species' larval dispersal ranges around significant abalone harvest locations.
If exploited gastropods are not recruiting as rapidly as might otherwise be expected because of low larval settlement rates in favourable areas, then overall exploitation approach may have to be reconsidered for this group of molluscs. Bivalves have low mobility and are not generally able to gather together during spawning, suggesting acceptable external fertilization success for larger, less abundant species may be effective over distances probably measured in metres. In contrast, study by Denny and Shibata (1989) indicates that aggregations of adults of broadcast spawning species inhabiting surf-zone habitats may be particularly important to ensure adequate reproductive success. Levitan et a/.'s (1992) study of sea urchins (Strongylocentrotus franciscanus) confirms this for echinoderms at least, and they showed in field studies that distances less than a metre substantially influence gamete fertilization success. Allowing a "conservation window" of only 1-2 yr after reaching sexual maturity before growing to the MLS may thus alone be generally appropriate for bivalves but less appropriate for surf-zone gastropods and echinoderms, where adult density above undetermined thresholds, as much as adult number, may be limiting factors.
If confirmed, then more rigorous management control of individual gastropod concentrations may be justified. Preservation of a larger brood stock then generally recommended now may be desirable. For these species, a MLS larger than currently broadly advised (sufficient to allow only 1-2 spawnings) needs consideration, assuming that illegal fishing is minimal. Alternatively, modifying management approach entirely might be considered if it is felt necessary to ensure that sufficient densities of adults exist in many widely scattered aggregations. With a large management area, maintaining a minimum density level would be difficult to effect with many fishers exploiting a common resource. Having unexploited refuges, or smaller management areas, each exploited by fewer, known fishers as in many subsistence-type fisheries, may be more effective long-term management approaches.
The British Columbia experience with northern abalone is a typical fishery casehistory (Jamieson, 1986a; Farlinger and Campbell, 1992) , being similar to that experienced in most other abalone populations world-wide (Tegner, 1989; Guzman del Proo, 1992; Tegner^ al., 1992; Tarr, 1992) . This fishery developed in 1976, peaked in 1977 at almost 500 t, and then based on an evaluation of maximum sustainable yield, was reduced to 113 t by 1980. It was estimated that recruitment did not occur until age 6-8 yr, but throughout the early 1980s, recruitment was consistently below anticipated levels. Low recruitment occurred even though the year-classes producing the progeny were at pre-fishery abundance levels. This low recruitment suggests that while adult abalone density may be important, other factors limiting recruitment are also involved, and that recruitment in this species remains poorly understood. Continued apparent decrease in recruitment resulted in a gradual reduction in quota, and finally, beginning in 1990, a moratorium on fishing was imposed, with reevaluation of stock status planned for 1995. There were anecdotal reports that an illegal fishery was also occurring during the late 1980s, and that this illegal fishing was on a scale about four times that of the legal fishery. Even with a moratorium, illegal fishing is thought to be still occurring, in part because the reduced supply has driven price much higher ($ 140 kg"' has been anecdotally reported) than before the fishery closed.
In hindsight, it is now recognized that the large abundance of unageable adults at the commencement of the BC abalone fishery probably represented an accumulation of many year-classes and that average annual recruitment was not accurately estimated from adult abundance and was lower than initially predicted by Breen (1980) . Subsequent exploitation was not sustainable at initial harvest levels. It is not known how or if depletion of this relatively large biomass affected later recruitment, but it was apparently not beneficial as recruitment remains low 15 years after the resource was largely depleted (Farlinger and Campbell, 1992) .
The management approach now being proposed by fishers for BC abalone, assuming the fishery will reopen at some future date, is for individual abalone concentrations to be managed as discrete units rather than to have one quota for the coast as a whole. Closely monitored fishing may be the only way that relatively isolated abalone aggregations can be safely exploited if their continued presence over the long-term is desired. If the fishery is to reopen, new imaginative and innovative approaches to fisheries management may be necessary.
Sudden technology change.-Many fisheries have occurred for centuries without any significant evidence of overfishing, even when substantial markets have existed. Introduction of new technology, such as mechanized gear haulers, under-water breathing equipment, and precise navigational equipment, has led to greatly increased catchabilities of some of these species. Many fisheries which exist today could only have been prosecuted at a small fraction of their current level just 3-4 decades ago. Because of a general lack of historical fishery data for different stocks, precise documentation of the effect of technology on overfishing occurrence is hard to detail. This does not mean, though, that overfishing is not now occurring. Coral fishing is an example of how technology change has influenced a fishery.
There are about 150 species of black corals (Antipathidae), and these are found mainly in tropical and subtropical waters in all major oceans. Some species such as Antipathes dichotoma have wide distribution (throughout the Indo-Pacific and Red Sea) while others such as A. aperta are more localized (fjords along the west coast of southern New Zealand). All coral species are generally slow-growing and long-lived.
Black corals usually occur between 30-110 m depth, whereas Pacific precious corals (Corallidae) are of two types, "shallow" and "deep-sea" species. Most species of Corallium are shallow species (100-400 m), except for C. regale (400-700 m) and Midway deep-sea coral (900-1500 m) (Grigg, 1989) . Current harvesting often utilizes traditional techniques, notably dragging dredges or weighted tangle nets along the bottom. These gear are very unselective and damaging, destroying small colonies and entangling only about 40% of the coral broken from the bottom. Sophisticated remotely controlled and manned submersibles are now being utilized, but profitability is still marginal (Grigg, 1989) .
The history of the Japanese and Taiwanese coral fishery is characterized by a cyclical pattern of discovery of new grounds, heavy exploitation, and subsequent depletion of stocks (Wells et al., 1983; Grigg, 1989) . Initially many small boats were involved but with new technology, most coral is now collected by a few, large boats capable of remaining at sea for up to six months and fishing remote locations. Shallower beds are being depleted and catch rates in many deep-water beds are declining, particularly those in international waters.
Management regulations are slowly being introduced, and as with abalone, may be most successful if implemented on a resource-by-resource basis, with quotas, gear restrictions, and size limits established for each species in each area. The suggested relative stability of the industry, owing to the control of auction sales of raw product by cartels, is perhaps an artifact, as production to date has depended on the discovery of new grounds as opposed to sustainable harvest on known grounds (Grigg, 1989) . Whether sustainable fishing is ever developed will largely be determined by supply and demand, and the ability of countries to approve and implement international treaties to control exploitation and prevent overfishing.
Unexplained recruitment failure
A perplexing type of fishery collapse is that where there is no obvious cause from overfishing, with environmental and biotic {e.g., predators, parasites, or diseases) aspects apparently having the major role. Developing a functional understanding of the interplay of natural factors affecting the dynamics of a species is a complex undertaking and has yet to be fully achieved for any marine species. From the perspective of trying to develop such an understanding of population dynamics, the exploitation of most species is complemented by limited monitoring, if any, of environmental conditions and relative abundance indices of important predator, prey, and parasite/disease species. Such data are quite costly and time-consuming to collect. Investigating the causes of substantial changes in a species abundance after the change is often the only way important factors can be identified for future monitoring. Until population change occurs, it is often only speculation that a particular variable may be an important modifier of total species abundance.
For example, having observed that annual Dungeness crab {Cancer magister) abundance off the west coast of Vancouver Island, British Columbia, was fluctuating differently from that of the American mainland coast further south , Jamieson et al. (1989) attempted to determine causative factors. They concluded that the difference resulted from oceanographic events, with a nearshore countercurrent off Vancouver Island largely preventing the shoreward movement of larvae, which are abundant in offshore waters. There is no similar countercurrent off the adjacent American coast. Larvae produced along Vancouver Island were not retained nearshore, and so magnitude of recruitment appeared to be little influenced by regional adult abundance. Management of this fishery should thus consider attempting to maximize yield-per-recruit rather than egg production.
One of the most dramatic fishery collapses in recent years was the sudden decline in red king crab abundance in Bristol Bay, Bering Sea. In 1980, this fishery was the most valuable single-species fishery in the United States, with landings of 84,400 t, valued at US $168.7 million. Prior to its collapse, this fishery was relatively well monitored. Annual surveys established spawning stock condition and the fishery data collection system was comprehensive. Management of this fishery is based on a SRR (which is thought to be sound), the effects of male removal (it is a male-only fishery) on fertilization, and quota management (Reeves, 1982) . Female and prerecruit male cohort strengths are obtained from trawl data from research surveys (see Otto et al., 1984) , and maturity schedules, mating characteristics, and clutch size and viability are all integral components of the stock analysis (Reeves, 1982) . Nevertheless, unusually high natural mortality of unknown cause among older prerecruits and females has characterized the population since the mid-1980s. Population abundance has increased slightly in recent years following a moratorium on fishing in 1983.
The relative roles of environment, biotic factors and the fishery in causing this decrease in population size may never be known, but analyses {e.g., Stevens, 1989) suggest the understanding of age of recruitment and mixing of year-classes at recruitment may be more complex than initially envisaged.
MODIFICATION OF COMMUNITY STRUCTURE
Extensive review by the International Council for the Exploration of the Sea (ICES Working Group Report on the Environmental Effects of Fishing, April, 1992) has found no cases where exploitation of a wild population of any marine species has resulted in extinction or severe population depletion of another species. Such events may have occurred in closed, freshwater systems, however. In part, sustainable exploitation may relate to the relatively selective manner in which most marine invertebrates are harvested. However, in terms of community structure and food webs, extensive fishing of a few, relatively abundant species in a community may have significant consequences for the community as a whole. The simplest scenario is one where exploitation of one species directly affects the dynamics of another, such as through alteration of predator-prey relationships.
A well-documented interaction among invertebrates alone was that hypothesized for American lobster, green sea urchins, and marine plants. The argument was that by over-harvesting lobster, their total consumption of sea urchins declined, allowing sea urchin abundance to increase. High densities of sea urchins subsequently overgrazed marine macroalgae, creating "coralline algae barrens." Barrens in turn were hypothesized to negatively influence lobster survival after settlement, thereby aggravating the problem of lobster overfishing by helping to maintain lobsters at a suboptimal level of abundance. However, subsequent evaluation of the rigour on which this reasoning is based (Elner and Vadas, 1990) has suggested that it is not as conclusive as some literature has suggested (e.g. Mann and Breen, 1972; Breen and Mann, 1976; Mann, 1982) . The overall impact of predators in controlling sea urchin abundance in the northwest Atlantic is still unknown, and it remains for more basic natural history and experimental studies to be conducted before this keystone-predator paradigm can be supported. Massive natural pulses in sea urchin recruitment may have contributed to "barrens" formation (Scheibling, 1986) , although such recruitment fluctuation also remains to be confirmed.
The best documented instance of overharvest, and the converse, an absence of fishing, affecting the population abundances of marine invertebrates is that for sea otters (Enhydra lutris) in the north Pacific (Estes and Palmisano, 1974; Estes et al., 1978; Tegner, 1989) . In the 1800s, sea otters were hunted to extinction over much of their range, with the consequence that many of their prey species increased in absolute abundance. It seems to be the increased numbers of these prey species that apparently now largely support the abalone, sea urchin, crab and some mollusc fisheries currently prosecuted in the region.
In Prince William Sound, Alaska, clams > crabs > mussels were the preference prey (Garshields, 1983) , but in California, sea urchins and abalone are readily consumed as well (Ostfeld, 1982; Riedman and Estes, 1988) . Reestablishment of sea otters in their historical habitats has caused most large individuals of most large-individual taxa to become relatively rare and for fisheries for commercial species preyed on by sea otters to collapse. Sea otters have reduced numbers of their prey species to levels below that required for profitable fishing (Tegner, 1989; R. Larson, personal communication) .
Epifaunal prey are particularly vulnerable to sea otter predation. Garshields (1983) and Kimker (1985) document the virtual depletion of harvestable crab in the fishing district in northeastern Prince William Sound in the several years following introduction of otters to the area. Pismo clam (Tivela stultorum), the only species of shallow-burrowing infauna where the effects of predation were well-documented, were even more vulnerable, and fisheries for this species were eliminated within one year on every beach sea otters utilized (Kvitek and Oliver, 1987) .
A final extreme example of overfishing is that which I have observed in the intertidal in much of southern Europe, in particular the Mediterranean, and that which has been anecdotally reported to me for Japan and parts of Asia. Recreational exploitation in highly populated areas for virtually any mollusc, crustacean, and echinoderm species fit for human consumption or use is often widely practised by the public [see Kingsford et al. (1991) , Duran and Castilla (1989) , Moreno et al. (1984) , Hockey et al. (1988) ]. This gleaning of the intertidal is difficult to manage, short of closing such areas to any exploitation. The consequence of such gleaning is a general depletion of many species. This overfishing is seldom documented, as no major commercial fishery is involved. Its consequences are generally unknown and might be difficult to separate from the negative impacts of pollution and other aspects of urbanization. At the least, ecosystem dynamics are disrupted and potential production levels are unlikely to be achieved.
Claims of damage to other species associated with an invertebrate fishery are usually only associated with non-selective gear types such as drags or trawls. Thus, some lobster fishermen claim reductions in their catch are associated with scallop dragging activity, but claims have not been substantiated when investigated (Jamieson and Campbell, 1985) and no overfishing of either species appears evident. Similarly, the dragging of tangle nets for certain corals may 564 GLEN S. JAMIESON damage non-targeted species, but ecological impacts remain unquantified.
Examples exist, particularly in aquaculture, where to facilitate a fishery for one species, active effort is made to eliminate other species. In some oyster culture areas in Willipa Bay and Grays Harbor, Washington, for example, ghost and mud shrimps {Callianassa californiensis and Upogebia pugettensis, respectively) turn over the bottom so extensively that oysters are smothered. The area is consequently sprayed at low tide with the insecticide Sevin (carbaryl), which kills most of all the crustaceans present, including Dungeness crab (Buchanan et ai, 1985) . However, while local populations of crustaceans may be largely decimated, the current scale of Sevin application is relatively small in comparison to the area occupied by the commercial crab population as a whole and no overall impact on the crab fishery is evident.
CONCLUSION
The nature of overfishing of invertebrates is complex, ranging from no overfishing, but where there is the perception of overfishing because of competition by user groups for a common property resource, to extensive overfishing to near extinction because of poaching by either licensed or unlicensed fishers. As a group, invertebrates seem particularly resistant to overfishing primarily because their relative immobility and scattered concentrations mean refuge populations often exist. This, combined with their generally high fecundity, means successful production of sufficient young to maintain a population equilibrium is often not an issue.
However, this apparent resistance to overfishing also demonstrates a weakness. With populations scattered over an often large geographical area in the form of relatively small concentrations, exploitation of many species is by small, daily landings involving relatively many fishers. This dispersed pattern of fishing has created a need for management to develop simple regulations enforceable away from the landing location to minimize overfishing. Effective management was largely achieved for most species by the usage of passive regulations such as a minimum legal size or for recreationalists, a daily catch limit. However, there are some species where either individuals will not survive the collection and size measurement process (e.g., geoduck [Panopea abrupta], which cannot rebury after being dug up, and gooseneck barnacles, which cannot reattach to a substrate after removal) or where harvest by fishers is not easily monitored or controlled. Examples of the latter are some dive fisheries, particularly in instances where more than one species is regularly harvested (e.g., abalone and sea urchins) and price differences between species are large. It then becomes difficult to prevent poaching and to regulate landings of each species in a sustainable manner by a central authority.
In situations where illegal harvesting is thought to be occurring, the choices available to fisheries managers to avoid overfishing are either 1) to broadly restrict any of the applicable fishing activity in an area, 2) to perpetuate a potentially antagonistic situation between fishery enforcement officers and fishers, or 3) to involve fishers as active participants in fisheries management. The second and third options have the risk of allowing significant over-harvest if cooperation is not established among all participants in species' management. The argument for involving fishers in management is that if they have at least partial responsibility for management of the species they exploit, then they will be directly affecting their own level if income if they overexploit the resource. In theory at least, they should have a vested interest in achieving maximum return over the long-term and stopping illegal fishing. However, this can be influenced by the nature of the co-management established, and having the industry as a whole available to exploit the entire resource area by area may offer greater protection to the resource than assigning areas of the coast for the exclusive use of individual fishers. In the former, fishers would monitor each other's activities whereas in the latter, short-term individual need may occasionally override long-term conservation, making overharvesting more likely to occur. These are all policy decisions which have to be evaluated by any geographical region's management authority, though, and it can be expected that measures to avoid overfishing will continue to be an ongoing matter of investigation and debate in the future.
